In this paper, a series of experiments, including atomic force microscope (AFM), environmental scanning electron microscope (ESEM), and core displacement tests were conducted to
Introduction
In water solution, partially hydrolyzed polyacrylamide (HPAM) relies on electrostatic interaction between the charged groups on molecular chains to extend the molecular chains as far as possible and to enlarge the hydrodynamic radius of the molecular coils, which can help to increase solution viscosity and thus to improve the mobility control. During polymer flooding, polymer chains would shrink or degrade due to the effects of temperature, pressure, salinity and shearing, etc. (Levitt and Pope, 2008; Seright et al, 2010; Maerker, 1975) , resulting in a decrease in the hydrodynamic volume of polymer coils as well as the solution viscosity. media, the effect of shear and tension may destroy the configuration of polymer molecules in solution (Shao et al, 2005) and then limit their capacity in an enhanced oil recovery process.
Enhancement of the tolerance to temperature and salinity of polymer solutions and their shearing strength, as well as other properties, mainly depends on either increasing the length of polymer chains or introducing functional groups into molecular chains, or both. The longer the polymer chain is (like ultra-high molecular weight HPAM) and the more charged groups that there are on the chains, the stronger the total electrostatic repulsion is and the larger the hydrodynamic radius of the polymer coils will be. Meanwhile, the entanglement of polymer chains will increase so as to improve the solution properties (Xu et al, 2011 , Zhang et al, 2008 . The tolerance to temperature and salinity and the shear strength of the polymer solution can be improved by introducing some functional groups into polymer chains (such as ionic polymer, associating polymer) (Gao et al, 2005; Huang et al, 2006; Molchanov et al, 2007) , depending on intermolecular and intramolecular interaction in the polymer solution (electrostatic force, hydrophobic association, etc.). Among such polymers, hydrophobically associating polyacrylamide (HAP) is a typical structural polymer formed by introducing slightly hydrophobic groups into polymer chains. In water solution, the hydrophobic groups on the molecular chains tend to aggregate together. The polymer molecules will associate and form a reversible physical cross-linking network with increased mechanical strength and consequently improve the viscosity, salt tolerance and shear strength of the polymer solution (Zhang et al, 2011; Reichenbach-Klinke et al, 2011) .
In order to analyze the properties of these two types of polymer solutions (HPAM and HAP solutions) thoroughly, a great deal of research has been done to investigate the effect of polymer molecular weight, concentration, temperature, salinity, calcium and magnesium concentration etc., on (Dondos, 1989; Yao et al, 2005; Chen et al, 2006) . Moreover, several researchers analyzed thoroughly the polymer coil dimensions, aggregation and configuration, and their effect on solution properties (Semenov and Rubinstein, 2002; Caputo, 2004; Kujawa et al, 2004; Sun et al, 2006) and flow characteristics in porous media (Lu et al, 2010) . It is on the solution structure types and the oil displacement and displacement efficiency, and to discuss the polymer solution molecular structures suitable for extreme reservoir conditions.
Experimental

Experimental materials
Partially hydrolyzed polyacrylamide (HPAM), an industrial product, with a relative molecular weight of 1.0×10 7 and a 20% degree of hydrolysis was provided by the Daqing Petrochemical Corporation. Hydrophobically associating polyacrylamide (HAP2010), with a relative molecular weight of 1.0×10 7 and a 20% degree of hydrolysis as well as 1.0% of hydrophobic groups, was experimentally synthesized. The synthesis of HAP2010 followed the well-established literature method (Shi et al, 2010b) The water used in experiments was synthesized injection water, in which the mass concentrations of Na + +K + , Ca 2+ , Mg 2+ , SO 4 2--, HCO 3 -and Cl -were 2,551, 569, 228, 36.6, 190 and 5,470 mg/L, respectively. The total salinity of the injection water was 9,047 mg/L.
The porous media used were sand packs with permeability of about 2,000×10 -3 2 . The simulated oil used in displacement experiment was prepared by blending kerosene with degassed crude oil. Its viscosity was 70 mPa·s at 65 °C.
Acquisition of microscopic features of polymer solutions
Ten microliters of polymer solution was deposited on a freshly cleaved mica surface (2 cm×2 cm), and stretched with a tapping-mode atomic force microscope (TMAFM) (Nanoscope IIIa atomic force microscope, Digital Instruments Corporation, USA) at atmospheric conditions.
Viscosity measurement of polymer solutions
A Brookfield viscometer (DV-) was used to measure the viscosity of polymer solutions at a shear rate of 7.34 s -1 at 65 °C.
The dynamic light scattering (DLS) experiment of polymer solutions
A BIC-200SM laser light scattering system (Brookhaven Instruments Corporation, USA) was used to measure the hydrodynamic radius of the polymer coil (D h ) by DLS.
Flow characteristics in porous media
Linear sand packs (20 cm×Ø2.0 cm) were used to measure the resistance factor (F r ) and the residual resistance factor (F rr ) at 65 °C, which were created by HPAM and HAP2010 solutions. The experimental procedure was similar to that described previously (Shi et al, 2010a) , but the injection rate Slice samples were cut from the porous media after water flooding and after subsequent water flooding, respectively. Then an environmental scanning electron microscope (ESEM, FEI Quanta 450) was used to observe the distribution of residual polymers deposited in the porous media. The temperature was maintained at -5 °C and the pressure was controlled at 100 Pa during the whole observation.
Displacement experiments
Displacement tests were conducted with the equipment shown schematically in Fig. 1 . Linear sand packs (50 cm×Ø2.5 cm) were used to conduct displacement experiments at 65 °C. The experimental procedures are described as follows:
1) The linear sand pack was evacuated and the saturated with brine at a injection rate of 1 mL/min until the pressure was stabilized, and then the permeability and porosity were measured.
2) The water-saturated pack was saturated with simulated oil to measure its oil saturation. The injection rates of the simulated oil were 0.1, 0.5, and 1 mL/min, respectively.
3) Water was injected into the sand pack at a rate of 1 mL/ min until the water cut reached 94%, and then the oil recovery 4) About 0.3 PV of the polymer solution was then injected into the pack, followed by continuous water injection until the water cut reached 96%, and the ultimate oil recovery was obtained.
During displacement experiments, produced oil and water cut and oil recovery factor were calculated.
3 Results and discussion
Microscopic features of polymer solutions
Microscopic characteristics of HPAM and HAP2010 solutions (1,750 mg/L) were imaged with an atomic force in Fig. 2 .
In Fig. 2(a) , the molecular coils formed in the HPAM solution were loosely-packed aggregates dispersed with different sizes. While the AFM image of the HAP2010 solution ( Fig. 2(b) ) shows that in this system an irregular network structure was formed due to inter-molecular interaction. The key factors affecting the distribution of polymer molecules in water solution are the thickness of hydration layer surrounding the polymer chains and the interaction among polymer molecules.
chains, and make the molecular chains curl. Meanwhile, the dehydrating effect of inorganic cations could make the hydrated layer around the molecular chains thinner, so the steric hindrance effect between molecular chains decreased, and the molecular chains shrank (Lu et al, 2010) . On the other hand, in high concentration solutions (1,750 mg/L), polymer chains tended to approach and entangle with each other to form large polymer coils. However, the interaction between polymer coils was too weak to aggregate together easily. The HAP2010 was synthesized by introducing a small number of hydrophobic groups into partially hydrolyzed polyacrylamide, which resulted in hydrophobic association between intermolecular and intramolecular interaction in water solution. Although the shielding effect of inorganic cations in the HAP2010 solution would diminish the electrostatic repulsion and resulted in curling of polymer chains, a large amount of electrolyte existing in the solution could significantly enhance the solution polarity, hence strengthening the association among hydrophobic groups. Polymer chains in the solution of high HAP2010 concentration approached each other and the hydrophobic groups associated and formed strong supramolecular aggregates, and eventually a network structure was formed in the solution.
Effects of the solution structure on properties of polymer solutions
The flow properties of polymer solutions (1,750 mg/ L) were investigated in porous media. The experimental conditions and results were summarized in Table 1 and Fig. 3 . For HPAM, the solution was prepared with highsalinity injection water. Hence, a large number of inorganic cations would enter the electric double layer and combine with carboxylic acid groups with negative charges. This would reduce the electrostatic repulsion between molecular Fig. 3 shows the pressure curves of polymer solutions flowing through porous media (P1 and P2 present the pressures at the inlet end and half the length of the porous Fig. 5(b) and (c) ), which indicates that the synergetic effect of polymer adsorption and retention would greatly modify the water permeability of the porous media (Ren et al, 2006) . This can be explained as follows. The polymer coils in the HPAM solution aggregated loosely and exhibited a loosely-packed structure in solution, and the interaction between coils was the polymer coils were easily flushed out from the porous media, and as a result the polymer coils could not be retained in the porous media. Therefore, the residual resistance factor of the HPAM solution was low. The HAP2010 solution formed a network structure due to intermolecular association. The shearing and extension effect might partially destroy the network structure when the HAP2010 solution flowed through porous media, yet when shearing and extension diminished or disappeared, the HAP2010 molecules could associate with polymer molecules adsorbed on the rock surface (Taylor and Nasr-El-Din, 2007; Volpert et al, 1998) to increase retention of polymer in the porous media, thereby enhancing the interaction between polymer molecules and rock, and effectively decreasing the water permeability of porous media with high permeability. Therefore, the polymer solution with a network structure formed by intermolecular interaction had higher viscosity and mobility control ability, and could improve polymer performance in high salinity water.
The displacement experiments of HAP2010 and HPAM solutions (1,750 mg/L) were carried out on oil-saturated sand packs with an original permeability of 2,087×10 -3 and 2,019×10 -3 2 , respectively (see Fig. 6 ).
trend. In the two displacement experiments, a similar tendency of a gradual increase in the injection pressures was higher than that of HPAM flooding. The incremental oil for HAP2010.
The injection of the HAP2010 solution into the sand pack was shown to result in a sharp reduction of water cut and to slow down the rate of water cut increase during the subsequent water flooding. The network structure of the HAP2010 solution formed in porous media could create high viscosity and flow resistance, hence effectively enlarged the swept volume and decreased the water cut. Meanwhile, the strong network structure could decrease the viscosity loss due to polymer adsorption and retention along the way, which improved the capacity of piston-like displacement, delayed the displacing front breakthrough (Aktas et al, 2008) , and prolonged the low water cut oil production period. Furthermore, the HAP2010 solution could significantly decrease the water phase permeability by means of adsorption and retention in the porous media. Therefore, the HAP2010 solution exhibited excellent performance in increasing the injection pressure and enlarging the swept volume during subsequent water flooding. This effectively hindered the molecular coils of HPAM were dispersed in the solution, leading to relatively low viscosity. Moreover, in highpermeability heavy oil reservoirs, it is difficult to improve the water-oil mobility ratio for the water flood by merely enhancing the adsorption of polymers in the porous media, which might limit the ability of HPAM solution to enlarge the swept volume. Besides, due to its smaller D h , the HPAM slug was rapidly broken through and then a water channel in a sharp increase in water cut and eventually lowered displacement efficiency. Therefore, the HAP2010 solution with a network structure formed by intermolecular interaction (like association) was more suitable for high permeability heavy oil reservoirs.
Conclusions
1) A polymer solution, in which polymer coils form a network structure due to intermolecular association, had higher viscosity and mobility control ability than one containing only loosely-aggregated polymer coils.
2) The HPAM solution slug with loosely-aggregated polymer coils was easily broken through and flushed out; while the HAP2010 solution with a network structure could increase the retention of polymer in pore channels, and thus significantly reduce the water permeability of the porous media.
3) The network structure of the polymer solution formed in the porous media could significantly increase flow resistance and cause a sharp drop in water cut and a delay of Therefore, this type of polymer solutions had excellent During water flooding, the water cut rose up sharply (see Fig 6) after water breakthrough due to unfavorable oilwere approximately 46% in both experiments. After polymer at first and then rose up rapidly, presenting a "V" shaped trend after the injection of HPAM solution. For HAP2010 flooding, the water cut dropped and remained stable for a period of time, and then rose slowly, showing a "U" shaped
